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I. PUPPOSE

This test report presents data which define the vibration
environment of a lightweight magnetchydrodynamic (MHD) generator
channel. These data were needed to determine the vibration responses
of the MHD channel during rocket engine operation.

II. BACKGROWD

The Air Force Aero Propulsion Laboratory has been considering
the generation of MHD power for short-term, high-power airborne
applications. In order to minimize the weight of the system, a new
lightweight generator channel was designed, which carries the exhaust
gases of a small rocket engine. The rocket exhaust is made conductive by




injecting cesium and then is carried through the 106 am (41-5/8 inch)
long MHD channel to a diffuser. An electrical power output of up to
200 KW is obtained from electrodes along the sides of the channel when
an external magnetic field of 23 kilogauss is applied to the moving,
electrically conducting gas. One problem was to determine the
vibration responses of the new lightweight MHD channel during rocket
engine operation and to evaluate these responses in terms of structural
integrity, fatigue, and deterioration resulting from repeated firings.

On 30 March 1977 AFAPL requested the Field Test and Evaluation
Branch of the Air Force Flight Dynamics Laboratory to make vibration
and voltage output measurements on the MHD channel during a series of
rocket firings at the AFAPL MHD Test Facility. Personnel of the
Structural Mechanics Division prepared a test plan on 7 April 1977 which
was approved by the AFAPL. The AFFDL provided and installed all
instrumentation, wiring, and data recording equipment for the tests,
which were performed between April and September 1977. The data were
analyzed in the facility of the Flight Dynamics Laboratory.

Descriptions of the MHD test channel, instrumentation, test
procedure, data analysis, and a discussion of the test results are
presented in Appendix A. Figures, tables, and photographs are presented
in Appendix B.

ITT. SUMMARY OF RESULTS

The MHD channel vibrations during steady-state firings were
normally in the range of 0.01 g?/Hz, with occasional peaks of 0.05
to 0.1 g?/Hz. On one firing an accelerometer nearest the rocket nozzle
showed a peak of 1 g?/Hz at a frequency of 4500 Hz. The same sensor
showed the highest measured overall rms acceleration during steady-state
firing, 7.11 g rms summed over the frequency range of zero to 10 kHz.
During the starting transients, peak values of instantaneous acceleration
as high as 75 g were recorded.

This vibratory environment would be considered severe for electronic
equipment; however, for the MHD channel structure this vibration is not
expected to be a limiting factor in operation. As sample calculations of
the channel vibratory stress levels showed an expected fatigue life of
31 minutes to 105 hours, being very dependent on the value of Young's
modulus, E, for the glass fibers. A laboratory measurement of the
fiberglass modulus, which was not available from the channel manufacturer,
could reduce this uncertainty.

A frequency analysis of the wvoltage output of the MHD generator
showed a broadband signal with a distinct roll-off to 6 kHz and a flat
spectrum from 6 kHz to 20 kHz, with no prominent frequency spikes.
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APPENDIX A

Test Description, Data Analysis, and Results (Refer to Appendix B for
Tables and Illustrations).

Test Configuration

The lightweight MHD generator channel is shown schematically in
Figure 1 and in the operating condition in Photograph 1. The channel
is constructed of a series of hollow copper coolant tubes which serve
as electrodes, separated by ceramic insulation and covered by a layer
of 2 am (3/4") thick fiberglass. The coolant tubes are connected
externally by plastic tubing to complete the water flow system. The
inside dimensions of the channel vary from 2.5 x 10 cm (1 x 4") at the
rocket exhaust inlet to 7.3 x 13.6 am (2 7/8 x 5 3/8") at the diffuser;
the channel length is 106 an (41 5/8"). The channel has flanges at the
ends which are bolted to the nozzle and to the exit diffuser. After the
conductive rocket exhaust has trawvelled the length of the MHD channel,
it is slowed in the diffuser and exhausted to the atmosphere. The
channel is clamped at the flanges to vertical beams mounted on the false
floor of the test stand. The 96.5-cm long diffuser is likewise supported
by a beam 180 cm from the exit flange of the MHD channel. During power
generation the large magnet faces are rolled into position around the
channel, as shown in Photograph 2.

Instrumentation

Accelerometers were chosen to measure the channel dynamic
responses because of their simplicity and accuracy. The channel
acceleration responses can be readily evaluated in terms of the severity
of vibration, and the vibratory displacements can be derived from a
double integration of the accelerometer outputs. Strain gages could be
used to provide a direct readout of vibratory strain, but would prove
very difficult to mount and, calibrate on the irregular fiberglass channel.

The MHD channel wall accelerations were sensed by the 12 Columbia
Research Laboratories Model 902H accelerometers numbered as shown in
Figure 1. The odd nurbered accelerometers were used to determine the
channel transverse vibration in the horizontal plane and, by using the
differences in response between 1 and 3, 5 and 7, and 9 and 11, to
determine the horizontal breathing modes of the walls. Similarly, the
even numbered accelerometers were used to determine the channel trans-
verse and breathing vibrations in the vertical plane.



After MHD run number LWC 13 (using the AFAPL numbering system) ,
three of the 902H accelerometers were moved to a mounting block on the
combustor flange. These accelerameters, labelled x, y, and z in
Figure 1, were used to measure the longitudinal, transverse, and
vertical accelerations, respectively, of the combustor flange.

The accelercmeter outputs were conditioned by Intech Model A2318
- automatic-gain-controlled amplifiers and recorded in a portable
instrument package by a Ieach Model 3200A FM tape recorder. Photograph 3
shows a picture of the data acquisition system. A Datametrics Type
SP105 time-code generator provided a 1000-Hz, amplitude-modulated, IRIG
B time code which was recorded on the tape. A voice signal was also
recorded during each of the MHD runs. The instrument package was
configured for 115 VAC power, which was available in the control room.
A block diagram of the data acquisition system is shown in Figure 2.

MHD run number LWC 24 was the last record on which vibration data
were collected, During the remaining runs, a signal proportional to
the voltage generated by the MHD channel was recorded on track 7 of the
recorder. This signal was obtained from one of the voltage divider
networks in the MHD test facility. At run number LWC 68 the recorder
speed was increased to 60 ips to obtain a bandpass flat within 3 dB
from zero to 20 kHz. The bandpass at 30 ips was 10 kHz.

Test Procedures

Accelerations were recorded on 16 MHD test runs during May-July
of 1977, as shown in Table I. Each record was approximately 30 seconds
long, so that the actual MHD firing time of 3-6 seconds could be recorded
with certainty. Fuel and oxidizer mass flow rates and other data will
be provided in a separate report by the AFAPL. The nominal propellant
" flow rate was 0.6 kg/s of toluene and gaseous oxygen. The signal
proportional to the MHD-generated voltage was recorded during l4 runs,
as shown in Table I. ... .

In order to properly record starting transients during the first
0.1 second, the amplifiers were locked into pre-calculated gain settings
during the last 15 test runs. Between tests, the accelerometers remained
an the channel and the instrument package remained in the MHD facility
control room. During MHD electrical power testing, however, all the
accelerameters were disconnected from the Intech amplifiers.

Data Reduction

Magnetic tapes recorded during the tests were returmed to the
Air Force Flight Dynamics Laboratory for analysis and retention.
A block diagram of the analysis system is shown in Figure 3. The data
were played back on a laboratory recorder meeting IRIG Standard #106-72
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and converted to digital form. These digitized data were used for
time histories with 24 microsecond resolution. Using the Fast Fourier
Transform, power spectral densities of all accelerameter signals were
computed from zero to 500 Hz with a resolution of 1.22 Hz and fraom
zero to 10 kHz with a resolution of 6.79 Hz.

Test Results

Time histories of the accelerometer responses were first played
back through an oscillograph to determine the character of the signals.
Examples of these time histories are shown for run number IWC 13 in
Figures 4-14. Accelerometer number 4 responses were not obtained on
this run because of electronic problems.

The typical MHD run is characterized by an abrupt, high-amplitude
transient lasting about 0.02 second as the mainburner is turned on,
followed by a steady-state firing period of several seconds, and climaxed
by a cutoff transient of about 0.05 second. In these time histories,
most of the steady-state firing response is deleted in order to show
the details of the starting and ending transients. The pilot burner
was turned on before these records begin. For all the plots, the
overall rms acceleration of the plotted portion is shown in the upper
right-hand cormer in g tms, summed over the frequency range of zero
to 10 kHz. The time resolution of these camputer-generated plots is
24 microseconds. During the starting and ending transients, instantaneous
accelerations as high as 75 g were recorded. The acceleration peaks
during steady-state firing were normally in the 15 g range. The rms
values range from 2.5 to 10 g rms for the various accelerometers.

These time histories are random signals which are non-stationary,
especially at the beginning and at the end. The steady-state portion
of the firing, however, is nearly stationary and can be analyzed
spectrally. All the spectra presented in this report represent the
steady-state portion of the MHD firings. Examples of frequency spectra
for the individual accelerometers are shown for run number IWC 13 in
Figures 15-25 for the full frequency range of the instrumentation. The
frequency resolution of these acceleration spectral densities is 6.787 Hz.
Because the accelerometers have a flat frequency response to 6 kHz and
the tape recorder is 3 dB down at 10 kHz, the decrease in response above
5 kHz is apparently a characteristic of the rocket exhaust excitation.

These acceleration responses were normally in the range of 0.01 g?/Hz
except for narrow peaks at 2-3 kHz which reach 0.05 - 0.1 g°/Hz. The
highest spectrum measured was accelerometer nurber 11 for run IWC 13
(Figure 24). This accelerometer, on the side of the channel nearest
the rocket nozzle, showed a peak of 1 g?/Hz at a frequency of 4500 Hz.

A measure of the overall energy in the response is the rms acceleration
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in g's, which is shown for each accelerameter in the upper right corner.
The highest overall acceleration recorded was by accelerometer number 11
during run number IWC 13, 7.11 g rms summed over the frequency range

of zero to 10 kHz.

In order to determine the effects of continued firings on the
vibration responses, data were analyzed at selected runs over a long
series of firings. The firing numbers and durations are shown in
Table I. An expected change due to deterioration of the channel walls
would be a change in the damping of the vibration modes. These modes
may be identified with individual response peaks in the lower frequency
range of the acceleration responses. By measuring any change in the widths
of these response peaks over a series of runs, a change in damping of
the mode would be observable. An increase in damping could be caused, for
example, by the development of cracks in the material.

In order to show the lower frequency modes more clearly,
accelerometer responses were analyzed from zero to 500 Hz. The results
for run number IWC 3 are shown in Figures 26-34, those for run nurber
LAC 13 in Figures 35-44, and those for run number IWC 23 in Figures
45-56. Accelerometers 1, 2, and 4 are missing from run IWC 3, and
accelerometers 2 and 4 are missing fram run IWC 13. For run LWC 23,
accelerometers 2, 8, and 1l were replaced by accelerometers x, y, and
z on the combustor flange. '

These respaonses showed little indication of any change in damping
with wear on the channel. Although the random character of the rocket
exhaust excitation results in fluctuations in the relative amplitudes
at different frequencies from run to run, distinct modes can be
identified. Accelerometer number 3, for example, on the side of the
channel near the diffuser end, showed a prominent mode at 53 Hz. The
width of this mode during run LWC 3 (Figure 26) showed a Q of 18, from
the relation Q = f/Af, where Af is the frequency bandwidth at the half-
power points. This same response peak at 53 Hz during run LWC 13
(Figure 36) and during run IWC 23 (Figure 46) had the same bandwidth,
to within the accuracy of thel.22 Hz frequency resolution, indicating
little or no chance in dauping for this mode over 20 firings. Similar
results were obtained for the mode at 43 Hz. This method, however, is
limited to detecting gross damping changes because of the 1.22 Hz
frequency resolution. The resolution is limited by the amount of data
available during one firing. '

The responses from a single firing were also analyzed with respect
to accelerometer position along the channel, to determine any change in
character of the excitation along the channel length. No clear pattermn
of distinct differences was found, either in the overall rms accelerations
or in the frequency content, between the diffuser end and the rocket end
of the channel.



The responses fram different firings show different overall
amplitudes, which may be due to differences in the propellant flow
rates and cambustion temperatures. The rms responses of firing
nurbers INC 3 and ILWC 23 can be campared directly. The rms responses
for firing number IWC 13 were not obtained.

The individual accelerometer frequency responses show several
peaks which might be interpreted as overall vibration modes of the
channel. In order to distinguish between bending and breathing modes,
the accelercmeter signals on opposite sides were combined by both
adding and subtracting the signals. These responses are shown for run
IWC 13 in Figures 57-66. The results showed no correlation between the
motion of opposite sides of the channel. Apparently the modes of the
structure were so highly damped by the visco-elastic fiberglass coating
that the four sides moved independently.

The fatigue life of the MHD channel can be estimated as follows.
The MHD channel is approximated as a beam with pinned ends of height
h and length L, as shown in Figure 67. The transverse deflection of
the wall vibrating in the nth mode is

y_(%,t) =y Sin (F)sin w t (1)

where Yo is the peak,deflection. The moment M at any point is given by
the relation M = El‘ai%, where E is Young's modulus of the material, I is

the moment of inertia of the beam cross-section (I = bh3/12) ,and b and
h are the width and height of the beam, respectively. The maximum stress

occurs at the surface of the beam and is given by o = Mh/2I.

From these relations we derive

g

Eh, nm, 2
(—2—) (T) (2)

rms=ynns

In order to find the actual displacements of the MHD channel walls
from the accelerometer frequency responses, the latter were transformed
by 1/w® and converted to mms displacement. These results of wall
deflections for runs IWC 12 and IWC 13 are shown in Table II. These
deflections can be used to estimate the stress levels and thus the
expected fatigue life of the structure. The maximm deflections observed
during these runs is seen to be 0.00431 meters rms for accelerometer 12.

To evaluate the mms stress produced by this response peak, refer
to Figure 57, which is typical. This particular plot is an average of
accelerometers 1 and 3, near one end of the beam. From this and the
other figures the peak at 17.3 Hz appears to be the first mode, so the
53 Hz peak may be identified as the third mode, n = 3.
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From the channel wall geometry, L is 1 meter, h is 0.6 am, and
we may assume E = 3 to 5 million PSI (2.1-3.5 x 1010 N/m2), from
measurements on similar fiberglass. From AFFDL-TR-74-112, page 514,
data are given for the o-N curves (N cycles to failure at stress level
o) for 181-S Type III glass fabric. Applying these values gives the
following results: = ‘

'E, 101 n/m?(10° PsT) o, 207 N/mZ(107 BSI)  Lifetime

2.07 (3.0) 2.4 (3.48) 105 hrs
2.76 (4.0) - - 3.2 (4.64) 7.9 hrs
3.45 (5.00 4.0 (5.80) 31 min

These results show that the fatigue life is so strongly dependent
on the value of E that no reliable prediction can be made. A more
refined estimate could be cbtained by directly measuring the modulus of
the material in a laboratory force-deflection test, and then measuring

the stress levels during firing with strain gages.

A final point of interest is the form of the electrical output
from the MHD generator. During several runs the voltage output of the -
generator was sampled and analyzed by a spectral analyzer. Sample
results are shown in Figure 68 on a linear scale from zero to 20 kHz
in frequency and on a logarithmic scale in voltage output. The voltage
output is broadband, with no significant energy at discrete frequencies.
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TABLE I. DATA RECORDED DURING MHD CHANNEL TESTS

Date  MHD MHD Firing

1977 Run # Time (Sec) Data Recorded . Comments
May
001 3.5(est) " Accel #1-12 #4 bad
002 1.7 (est) $1-12 #4 bad
003 3.5(est) #1-12 #4 bad
June
10 012 4 (est) #1-12 #4 bad
10 013 4.5(est) #1-12 #4 bad
July
26 014 6.9 Accel's #1, 3-7, 9, 10,
12, %, ¥y, 2
26 015 5.6 "
27 016 3.2 "
27 017 3.3 "
27 018 5.6 "
27 019 5.7 "
27 020 5.8 "
28 021 5.6 "
28 022 5.6 "
28 023 5.6 "
28 024 5.6 "

Sep (SEP 19, 1977 ACCELEROMETERS REMOVED & WIRES DISCONNECTED)

20 052 5.3 MHD Output Voltage Recorder @ 30 ips
20 053 5.7 MHD Output Voltage Recorder @ 30 ips
16
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TABLE I CONTINUED

Date MHD MHD Firing
1977 Run § Time (Sec)
20 054 5.3
20 055 4.8
20 056 5.6
20 057 5.7
20 058 6.4
29 068 4.5
29 069 5.7
29 070 5.0
29 074 4.5
29 075 5.3
29 076 5.8
29 077 5.8

Data Recorded

MHD Output
MHD Output
MHD Output
MHD Output
MHD Output
MHD Output
MHD Output
MHD Output
MHD Output
MHD Output
MHD Output
MHD Output

17

Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage

Comments
Recorder
Recorder
Recorder
Recorder
Recorder
Recorder
Recorder

Recorder

Recorder €

Recorder
Recorder

Recorder

@
@
@
@
@
@
@
@
@
@
@
@

30
30
30
30
30
60
60
60
60

60 i

60
60

ips
ips
ips
ips
ips
ips
ips
ips

ips

ips

ips



TABLE II. CALCULATED MHD CHANNEL rms DISPLACEMENTS

IWC RUN NUMBER ACCELEROMETER DISPIACEMENT (m)
12 1 .00459
12 3 . 00263
12 5 .00352
12 7 .00334
12 6 .00123
12 8 .00392
12 9 .00407
12 | 11 .00404
12 10 ‘ .00123
12 12 ' .00431
13 1 .00395
13 3 .00280
13 5 ' .00286
13 7 .00283
13 6 .00124
13 8 .00366
13 9 .00354
13 11 .00399
13 10 .00104
13 12 . .00365

18




TSUURYD (HW UO SUOTIBD0] IojsuloISTsooy °T ambrig

[« [e] ol

dTZZO0N

IONVYTI ¥YOLSNEWOD

€ ‘ 9 MSTA SpTS
TOUURYD QHA

J

®
el [s] =2l

dTZZON

IONYTA JYOLSNIWOD

[

X
6 [<] [
® ® = © o e
. : TouUeYD QHW
[T [T E]
SISIAUWOTSTSOOY HZ06 TSDPOW BTCUNTOD
ISFWOISTSO0R JO IUSO O3 puS IOISNQUICO WOIF SOuRISTq - X
4 —_— z 0T 8/¢ 01 0T S p/c 6T S
1T _— K 6 2/ 01 6 v v/1 82 b
8 _— X 8 Z/T 61 8 € Z/1 82 €
¢T ¥/¢ 01 ZT L /€ 61 L 4 8/S 8¢ Z
IT 8/¢ 0T 1T 9 Z/T 6T 9 T ¥/€ 8¢ T

AL X "ON TIOOY AAIOTH X  °ON THDOOY LI (U)X *ON THOOW

19




TIME CODE

VOICE

ACCELEROMETERS ACCELEROMETERS
MOUNTED ON MOUNTED ON
MHD CHANNEL MHD CHANNEL
/)] [1)]
- ~
Q| g
o o
] -
n ' n
N2 v
7 CHANNEL 7 CHANNEL
———>| INTECH WTECH
AMP BOX AMP BOX
P )] 0
i -
(1] [0}
el =]
o)) o
rord -
U] )]
0
o]
B
" LEACH 3200A o
5 FM RECORDER
]
o
\{ \'4
b COMMUTATOR

Figure 2. Block Diagrafn of Data Recording Package.




‘we3sAs sTsATeuy ejeq jo ureiberq ¥OoTd, ¢ aumbtyg

IVDILSILVIS AOILYI3HEOD
#.NLITdWVY 'QSd ‘GNYE MOYHVYN)
S1INS3IY
SISATVYNVY 1VvLI9ig

'
%31 .07d d3i* dd
QO 2dS ait A
INIT WO

8311014
<. 021IVI
3INIT-440

Adl 6 HO ¢
Idvi
viioia

3dAL3N3L
ysv
‘BOSS3IDOUd
VIHOJISNYHL AVHYY)
< > H3LNdWOD

53Qv3y
3dvl HY3dvd

v0L NOIHLIAVY

430v3IM
(a2 2o

NYL 6 HO £
3dvl
wviinig

Aqede) j1y-19nQ Jo wesseiq yoolg

$S920.d UOIONpaY eleq 54

Y3LHIANOD
asv
INIT-NO

. viva
SOIWVNAG

NOI1ONA3Y
viva wiioig

%41 6 HO ¢

34Vl
R\ -FRadTe]

(ONvE

3AVID0 £/1L ANV L/1L)
S1INS3Y

SISATYNY D0TWNY

H31L0d
dWOD1vD
ININ-440

3dvi
Higvd

]

H31NdW0D
006Y 111

—
XAW HD ZE HLIM
Y3LYIANOD G,V

{_c70H % 314nvs

HB322IVYNVY JAVLIOO

SH3LNd

ﬁ €L BL/LHD SSVYd MO
HOHYV3IS I
Idvl,
¥3Q003aQ H43Q0023Q 4300230
Wi nvd [P F]
* viva *
Q3X3ILTINW ADNINDIYY  1D3HIA HO  ViVa Wvd Viva Wod
_! W3 gyvanvis _ ]

D0IVYNY

21




AMPLITUCE (&)

MHD RUN 13 CR 1
FMS 6. 3510

g0.00

4?.@0

.00

-uB.co

-30.00

= -+
n
il
P

.35 U0
TIME (SEC)

w4+

20 .23 . 30

[
M
=
L]

DELTA T (MSEC) =

Figure 4a. Time History of Accelercmeter 1 During Run IWC 13
Starting Transient.

22




3 CH 1

RUW 1

MHD

pu}
=

qU1

FM3 5.

an-”

B .1\, N |
1

.80

(v

u

Dbt
[
i

.70

c
]

U
o

T

[k

[ ]

G2 ootom
G371 30NLIdkY

oo- o0t on- an-

na-’
ol 1

ECI

Time History of Accelerometer 1 During Run LWC 13

Ending Transient.

' -

[ f‘l

TIHE

SU0

-
el

ECT =

.
!

LTR T (M

LE

Figure 4b.

23



Lirl

[T O T W R VY T4

MHD  FUN 13 CH 2

: FM5 £, 0354
o
(]

1.0

~U!

o

—-37.

T oy b + | |
L2 25 .30 .35 40 U5 5

Figure 5a.

TIME [SECH
DELTA T (M5.2) = 024D
Time History of Accelerometer 2 During Rm LWC 13
Starting Transient.

24

0



ad

AMPLITUDE . ¢

)

MHD  RUN 12

CH

1

[N
2
) RM3 7. 0338

1

el —
H
|
i
1}

o |

2 |

| .

T '

-
=)
=
% : : 5 : : |
5. 60 5. 65 £.70 5.75 5. 80 5. 85 5. 90
TIME (SEC)
DELTA T (MSEC) = 0240

Figure 5b. Time History of Accelercmeter 2 During Run LWC 13

Ending Transient.,

25




MHD RUN 13 CH 3

.00

RMS £, 7770

a0

)
4

AMPLITUCE (G

; l } } o
i i }

. —30.00

o= -
(&)
N
[

.35 40

TIHE 1SEC) DELTA T (HZEC) = .0240

Figure 6a. Time History of Accelercmeter 3 During Run IWC 13
Starting Transient.

-2
[wu]
[
n
(V)
o

26



A

H

[

I

HIUR

MHL!

- -

'~.'1 e
—

T

!

f

FH3 1

AIN1Tdig

L]

=BG

o240

DELVA T (MZEC) =

Time History of Accelerometer 3 During Run ILWC 13

Ending Transient.

TIME (ZECY
27

Figure 6b.



Sk

Hrwrla b

MHDD  FUN 13 H 5

[

RME 5.

SYE

I

|:'.' i 1 l
Crf_l I : % i 1 T
.20 .25 .30 L35 Ny U5

TIME [HEC!
DELTR T tM5LCT =
Time History of Accelerometer 5 During Run LWC 13
Starting Transient.

28

50

LOED



MHDC  RUN 13 CH S

oo

RM3 9. 6596

an.

[}
|
]
o}
[} |
o
=f
|
|
| =
th
W=
o
=3
e i :
T ; i P A
=z L AR
T = | L
0 ! i i
=4 | | |
i H
i {
[
r'Y)J I _ 1 ~ T } U Jl {
S R0 S.b5 &0 S.Ta S ED 5. 85 .80

TIME (SECI S
DELTR T (M3EC) = .D2un

Figure 7b. Time History of Accelerometer 5 During Run wC 13
Ending Transient.

29




MHD FUN 13 [HG

I: .

= Fil3 . 5300

o

BT !
|
|

- |

=] l

Ptis 0 ‘.

= H
|

"J y ;kl'*, . m,y,l,l,l&@n‘p( b

w.,..b,..ulll *:!1.;
1‘1 .»1%1 g

5
ol B
%‘ : ﬁ:rp'll g i o g TR
= ;
! |
o i
o
= e |
' |
=2
=t
= _ ;
oo } = — o = + i ]
.20 25 .30 .35 G U5 a0

TI¥e (SEC) B N
DELTH T (MSEC) = 0240
Figure 8a. Time History of Accelerometer 6 During Run IWC 13
: Starting Transient.

30



(1)

N

MRL LT

AL

Lo

MHD  RUN 13 CH &
FH3 =,

e

Do}

[

]

=t

T

[}

[t ]

=

[n] | 1 ] i i
T _ T 13 1 '-l R 1 _
S B0 S 63 .70 575 5. 560 5L BS

Figure 8b.

TIME (SEC]
MME [SE OELTA T (MSEC) =

Time History of Accelerometer 6 During Run IWC 13
Ending Transient.

31

LD




AMPLITUDE (G

MHD  HUN 15 LH 7

!":g]

FH3 5. 5281

en.a

(SEC] |
TIME (SEC) DELTA T (MSEC) = 024D

Figure 9a. Time History of Accelerometer 7 During Run IWC 13
Starting Transient.

32

s
K= : — : — :
.20 25 .30 .35 g A5 5

(e}



()

AMFLITUDE .

-40.00

a0, 00

MHD  FUN 13 CH 7

RM3 9. 8282

un, 0o

o0

o
o)
Q.C:J: L [} i § 1
's. B0 5. 65 5.70 5. 75 5. 80 5. 85 .
TIME (SEC)
. . , DELTR T (MZECY = .02U0
Figure 9b. Time History of Accelerometer 7 During Run IWC 13

Ending Transient.

33

]




AMPLITUDE

MHD FRUN 13 CH 8

FM3 WL, 5851

: ' e ; : y
20 75 A0 .35 40 e 50
TIME (SECI

DELTAR T (MSEC) = .02U0
Figure 10a. Time History of Accelercmeter 8 During Run IWC 13
Starting Transient.

34




(7

aMPLI MUIDE

[}

0.

MHD PUN 13 CH 8

FHS 5. 1647

(e} -
‘j; N

W)

[ J S

. 70

TIME

e b

5.5

{SET

5,20

(1]
pam}
wn
s ]
i

DELTR T (HSEC) = .02UN

Figure 10b. Time History of Accelerometer 8 During Run IWC 13

Ending Transient.

35



MHD RUN 13 CH 9

FM3 5. 2383

€0.00

&9.00

AMPLITUDE (3
.00

-40.00

} 1 [l i
1 1 ) i

20 .25 .30 .35 U0
| TIME (SEC)

Figure lla. Time History of Accelerometer 9 During Run LWC 13
Startlng Tran51ent. v

.50

K= 3
n

. —80.00

DELTR T (MSEC) = .024D

36

- .




AMPLITUDE. ()

o

&0,

oo

=
=

o0, 00

MHD RUN 13 CH 9
FM3 Fi. 20351

|I_J1
(o' x}
]
o
[a]
N
1

.60 .65 . 70 5. 75
TIME (SECI ;
DELTR T (MSEC) = .02U0
Figure llb. Time History of Accelerometer 9 During Run LWC 13
Ending Transient.

37

0
—




MHD FUN 13 CH 10

o
o]
el
0o

AMPLITUDE (&)

[ }

.30 .35 ur

TIM SEC
THE (SE DELTA T (MSEC) = .0O240

Figure 12a. Time History of Accelerometer 10 During Run IWC 13
Starting Transient.

-

=

P T

2]

[ 7V Ry o
o= 1
wn
oAl

-}

. - 38 »
4 .




S

AMPL I TUIE

MHD  RUN 13 CH 10

FM5 2. 7139

1A}

1

50,

w1
ol
o0

L
=
(e}

T :
o A5 L. 70 575 S. L0

TIME [5ET)

CELTR T (MSEC) = 0240

Figure 12b. Time History of Accelerameter 10 During Run IWC 13
Ending Transient.

39




MHD  RUN 13 CH 11
HH! N Flu._:l

]

.
&

L2, 00

1

,..
e
=1

AMPLITUCE (!

35 10 U5 .50

TIKE [SEC) DELTA T (MSECT = .02U0

Figure 13a. Time History of Accelerometer 11 During Run IWC 13
Startmg Trans;Lalt.

u.\“

.30

~J
s )
P =
on

40



(s

AMPLITULE

Al

MHD  FLH 13 CH 11

[}

o - M3 7. 1751

~4n

Lo

]

L ! ] ] |

1 ' ]
! c. a2l 5. 4l

]

E.
n

TIME 15EC) U I
‘ DELTR T (MSECY — 0240
Figure 13b. Time History of Accelerameter 1l During Run IWC 13
Ending Transient. :

Ul
o)
wn
o
n
L
——d
Lamms}
wn
Der]
n

41




MHD  RUN 13

CH 12

? e I AT

- S
D 1
i ;
; !
i
| '
— |
f_.-' ¥ i y 1 1) [l
o el oty S R
. 1,,;1 ¢ .t 4 ) ;
%.J ,rH"-"ti,. L e i “l’ h 1

s

= ;
[} i
- i
oo
& i) {

[
=
= - : t —_— — F -ee}
.20 23 30 30 R 45

TIME

Time History of Accelerameter 12 During Run LWC 13

Figure l4a.
' Starting Transient.

. B

(Gel)

DELTR T (HMLEMY =

42

et

W T rp
—

b



(!

INE

1
[

i

ArEL

MHD RUN 13 CH 2
Rz

N tll lLl"

i

|

!

1

: : — o : % .

_ " Pty - =y

5. 6L D £, 70 5,77 5. 80 5. 85

Figure 14b.

TIME [3EC] DELTH T (MSECT =

Time History of Accelerometer 12 During Run IWC 13
Ending Transient.

43

LN




RUk 13

MHD

AMS 5.5543

01

L 01

SLEUREINL B T O S .:_n_..— 1 TTTT T T "Jl|‘.ln_,.q....._|..l_.l_! T ;‘vl..i:...(._ MmTT 1T :_.... T

.01 01

AL 91 - 054 PLnd

10’L

__-__-u T

.01

T

I

01

mi

10°

10°

10

£,

DELTR F

FREGUENCY - HZ

Accelerometer 1 PSD, 0-10 kHz, Run IWC 13.

Figure 15.

44




1[]li

FMS 4.7ES2

3

Fad 1

HHD
|

LI T A A I T A B R B .-.,-x..l-_lﬂ N ill,l._.,m:_idlx.!;,in_ T i._l.|.l|._,” TV T T T T

ﬁi:ﬂ . micﬁ mu:ﬂ ﬁlzﬁ m;Dﬂ mscﬁ

ZHATOE 491 - O5d dad

| L LI

i
LTR F

DE

1

Iy

REQUENCTYT - HZ

T T T

c
45

10

Accelerometer 2 PSD, 0-10 kHz, Run LWC 13.

lllll,

Figure 16.

10




3

RUN 1

MHD

RMS 4, @761

01

L I U I A )lln_l_l_‘ £ 1 1777 ulln_.i:l‘jv_l_l—!ji T

muaﬂ m:cM

ZHATTES 91

T _—____4_
.01

-~ 0%d BLNd

Jc_ T 1T T

)

mf

01

AL

lllllll

ot

10°

o4

10

PP S
i0

FREGUENCY - HZ

Accelerometer 3 PSD, 0-10 kHz, Run IWC 13.

B 7871

DELTA F

Figure 17.

46




3

RUN- 1

MHD

U, 5091

RMS

d
....\..
B D T z_.4 {200 I T T T S ..le.m 0 A A A S Iln_ N
0T I I
I- o- ! &-- ! -

1 o0

FHAT DS o) asd pLnd

@l

BN B -!..l."i_._l_.J R L S R

o1

1"

II[III’

i

11 b

10°

rlllll!

-
o
(]

-
)

a1

£

DELTR F

FREGQUENCY - HZ

Accelerometer 5 PSD, 0-10 kHz, Run IWC 13.

Figure 18.

47




MHD  RUN 13
! . ' PMS 2.4977

10

B I | |

10

Sty avael

1973

| I N N lll
———
——
T

e ——
B o — el

AUTO PSD - (G S@. 1/HZ
T
1
//
_’,_,.po-"’
=
———— T
é_,-

11 i IlJlIl
—
4:?_____
=

L
2

]
w
Il:'.‘-l
- i ] I]lllll 1 I IIIIIII ] { i I!lllllu

2 3
Th 10° 10 10
FREQUENCY - HZ DELTA.F = B.7871
Figure 19. Accelercmeter 6 PSD, 0-10 kHz, Run LWC 13.
48



RUN 13

MHD

1%

[ —

- —

— o

._WM.W n _x_.“w
— - —_—

[y} - B i

&= u

L. -

. L

.4

D(p]

1a

1T 1T T 1]

FREQUENCT - Hé

Accelerometer 7 PSD, 0-10 kHz, Run IWC 13.

10°

lllll!

I
[

_J_l_..,ﬁ_l.‘ [ R B .i,_._. [NE S T O R D T .Ai._. ST T .ﬁz_qs_-_..,ﬂ,._ ™" .lx).l1_|:.q|..i_1 TTTT T I_3 TTT T 17717
01 Hemﬁ _ 0t ol ﬂlaﬂ _at 01
FHAC O 0 - 54 31N

0 =

o
i

49

Figure 20.



RUN 13

MHD

RMS 4.0B08

] I]lrlll
10° 10

T TTTTT

FREQUENCY - HZ

Accelerometer 8 PSD, 0-10 kHz, Run IWC 13.

DELTR F

Figure 21.

50

Tk

T T 177 1 I ‘Il...!\—.._.._lqiﬂlu_i.—!llq 1 _____ | L) T r ___A!Al_ ¥ 1 i 1_4_-_1—|_._ ._ T T
__0I o0 o1 ¢ 01 o1

wnl
ZH/ALES 9) - 054 QLM



RUTE P3O - (G S0 1SHE

MHD  RUN 13
| ‘ : RMS W, 2055

=
i
-
l
:,'i,j i
P z
:];l
-
P
) i
[ :
_i
-
-
=t
!
=
.
-
i
|
=
{
o ]
: I
L] t
P—'i 1 1 rr]l[l‘ 1 i (Illlll [ { [ u
px} ::- )
ik 10° 1’ 10

FREQUENCY - HZ DELTA F =  £.7871
Figure 22. Accelerometer 9 PSD, 0-10 kHz, Run IWC 13.
51




MHD  RUN 13
o ' | | RMS 2.3402

10

1. | I N T

10
a1t 1l

S0, 1/HZ
10

3

]_lllllll

/

auTE PSSO - (G
10”

1 ] ll!lllL
_,—-*""'_PH-

_-:f

s

10

L.J.lll_ll

10

T T T T T T IIIIIIIIS l T T TTT1 .
! 102 v 10 1n

FREQUENCY - HZ DFLTA F = B.7671

Figure 23. Accelerameter 10 PSD, 0-10 kHz, Run LWC 13.
52

10




Z

. 1 eH

5

(B

1 FE0 -

[‘.‘

HUT

1o}

MHD  RUNW 13
RMS 7.1147

poevend e g

=
_ |
‘T:_'; ! 3
= l
-
.
1
I
|
.
[y —_‘! \\"-.
" -,
2 \
- b
S
~ 5\
+
]
|
v
o
——
3
-
- ',
] |
l:,D : :
.I-—_J i !
= T T T L S B A T T T T 7T T
1 2 g 'y
ol 11 110 11

FREQUENCT - HZ DELTR'F = &,7871
Figure 24. Accelerometer 11 PSD, 0-10 kHz, Run IWC 13.
53




L

o

r—

- .78

DELTR F

RUN 13

MHD

_m_m. H
[}

by b

o L

] i
o)

M -
oc

e -

—— B

e B

—— B

B
Al.nu.alhlll'llvn.l — s s e .
Pl —
e
e S m—
mnnmmwmw|
- —
e
— rlllﬂlll...
—To T T T _
)
- ———
i —
—— " _ - . |
Z_
—— |
p-d
1.1&\.... N
l.ll.lwl.]Ll‘
T T T T T T — o —
i T T e T 1 T T  ILILALIL N R S nlﬁ"~495 T T T T

ﬁioﬁ mnaﬁ muoﬁ ﬁnuﬁ m:oH g.01

ZHAC°05 9) - 054 QLnd

FREGUENCY - HZ
54

Accelercmeter 12 PSD, 0-10 kHz, Run LWC 13.

10

Figure 25.

1ot




&

TAFF W18

SR.3TRD

1.22 H

-

1
;

P13

¢ .‘}

J

e

g NINE

 HHD

A

Fils

o

-

(

~,
)
~d

KM

e s

L2207

1

NELTRF =

L

Fh

Accelercmeter 3 PSD, 0-500 Hz, Run IWC 3.

55

Figure" 26.

. L w e e e e “ T .9i.-%;‘l£||”!_i. R B skt e T RN —t

0 M
) Y o 07 o0

ST TS WY LS L




MHD 6 JUNE 77 DF=1.22 HZ  SRAT37S0  TAPE W18
o RuN 2 (31 PUR :

o e e vt e

b

1}

AMS 282

- !
z z
L i ! ! :
! i i | !
i ! ! ?
o ,. ' | j ;
v f ! | o !
o i | ; i
iR b i
. - il I
it

!
1
l |
o T i i !
£ R o
5 1S B R B
. M ] B i
- It o ! I |
7 bl f! | ~. Pt f
T op ) - Coy i 'l‘ i 1
2 o 1 o P
Vo o ) \: H
. TN « ij |
1 Il i : : ; s i ’(
: .
B | 3 P s ‘ ;n l ! !
- B P D ['.‘lé
=) [ Sy FRER AT
o bl ] 'is R
- ) ). ’ { i i H
- el T ,;n}"
W " i ,f’:'i' ! 41' |l !',:l ;einl . ; i |
P A A L ! it =
- apf b b il ! i
SRR |
1 i 'y i . 1]
< ¢ ;jl i ; II]M -y i
- ] e . N L SN
U 0o il i ""J by '
- o ) ek |
_'fi Y "‘ TR |
! AT i
Lo : :
- IR :
| |
- ;@!9 j
R
_ 1h
- y |
: | |
=
- s ' T T T - T T 1 1

0’ 19 - 10
FUEGE ENCY = 12 NMELTH F = 1.2207

Figure 27. Accelerameter 5 PSD, 0-500 Hz, Run IWC 3.
‘ 56



TAFE U1

5E)
§

—_
~
o

3R

.22 HE

1

OF=

6 JUME 77

MHD

G

RMS

PUE

(33

RUM 3

- n1

L I I T e

5

01

L0 0l

[
fh }

SHAUTBS 81 - fsd oLlng

mn.i

T A—l_ Ty Ty T T T 1-.|_!_|_|j..l._li_! T ilil.l_jl_l.—i_f.T YT T ll__ T T
, 01

01

-
L

i
1. 2207

i
DELTR F

- HZ

T 71771
FREGUENCY
57

Accelerometer .6 PSD, 0-5Q00 Hz, Run IWC 3.

!
Figure 28.

10!




TAPE Uig

3750

SFz

DF=1.22 HZ

PUIY

MR

B JUNE 77

(3]

RUN 3

B —EET Y _ RS e
e
- e —— e e
— o e T nmml T s
B e
——_

-
—————— e —
o o e o e

TALOS 91 - (Sd DLOE

—

I S I M N B !

I R N I"l_'li -

10 o

10°

FREGUENCY - HE
Accelerometer 7 PSD, 0-500 Hz, Run ILWC 3.

2207

1.

DELIA F =

Figure 29.

58




-p
Ltet

w

TAFE 413
RMS

30

o
— !

R

=

Pl

' HZ

22

Lty

1.

OF
PUS

(31

& JUNE 77

HHD
RUN 3

-

10°

1]

. .-'_.ciUT

e
2

1

LELTR F

';I
10

T T T T

59

Accelerometer 8 PSD, 0-500 Hz, Rumn IC 3.

[ S DR R SR

Fiqure 30.

- 54 G



TAFE W18

-
&

L3372

RMS

750

3Rz

1.22 HZ

DF=

PR

MHD

6 JUNE 77

(31

RUN 3

KRR

s S S =
. — T TR S AR i

- e
—aETEIL A L
— ..uu..ﬁﬂ.,rmw..,mruﬂ.. .
EERSS SOSE AR 1 3
“iem

1= 7T "~

. e, W T T —— e v . o e ettt S,
— — e mr o 1ot et b o e e S
e —
=
—
™
—s—=_ T
=
. — b ———— i — ‘ll‘h.
_
—
II.]'.-JAI'H
i s e e

01

A

1 w..._lw__._,l_.. T
. 01

T

FUACTES 9) - 052 nind

T T ﬂ.ﬂ LR A

0t

o

pm— g

o1

T

IITII

T

107

10
FREQUENCY - HZ

Figure 31. Accelercmeter 9 PSD, 0-500 Hz, Run LWC 3.

1"

2207

~
.

1

DELTA F

60




TAPE 413

SRzZ3750

OFz1.22 HZ

PULD

£ JUNE 77

MHD

SR

IR

RMS

(3]

1

RUN

]

'Il - e et e e e e+ o e e s g o €
]
i
[ —_— — -
- !,”n.,uﬂ.uﬂ.ﬂnw&. o Ei . PH DTS = -
 r— i L g . T s IR AR T S e e
—— L TR
L}
= AT e T T
e T ST 1T LT ImS R ldmn e
- e . s T e e B
—=" = —— e =
~iEE. .= e
TR &Y, (T T T S e e
e =
e e e
- - S —— e e ry
— I WRTIEETU . .. o e a— .
e a—— :
— ———_— T S ————
— T T
S a———
e ..+ v« o
e i et s e T T R e
—— T e T e =
LI e o .
— LilimTm
o e . -
e, o o e e e et |
e M S i Tade— -
e —ul
— —_ LT T
———— T =i T
-
- s e DT A
e - — -
- 'lyl']l-.
g, 7 e o« ERiid
. | T —l
o e e e
- T e e e .-
e
- P i
2T o ]
T -, i
. !
-
T '
Pa— - — T .
= - 1
< I
e
(X
.-t

HOL w91 - O%a Pind

207

-
sl bl

i

[LELTA F =

HY

-
o

Accelercmeter 10 PSD, 0-500 Hz, Run IWC 3.

FFEQUENCY -

61

Figure 32.




L3291

TAPE 418
RMS

SRzZ70

DF=1.22 HZ
FUll

& JUNE 77
(31

MHD
RUN 3

e ‘I.i — B
PR —— I
o - e e e — o 1 T T B
e e T,
e
— . a
T |
—— ull.

—_— e —— l.
. — e
- R ——
lJI["IIlIJ'vII
powre—_-t—— S
e = e e |

o
e e
e
e
— -
e, e,

I .
— S , T
T T i [ LA R A St e B S ity wl et o M B O I B B why N
ni 01 Gi
. (e 0 5.0l

FHACTOS O - 0S4 QLY

1. 2207

LELTH F

FREGUENCY - HE
62

Accelercmeter 11 PSD, 0-500 Hz, Run LWC 3.

Figure 33.




o
3

2 ShE3T

1.22 Hi

1] g

6 JUNF 77

BMS

(3]

RUN =

o1

[a¥}

[T

R

L2207

1

JELTL] F

I
L.

r+.)

Accelerometer 12 PSD, 0-500 Hz, Run IWC 3.

o]
l.r..
-

it

L

Figure 34.

63



TAPE Ui1a

3750

SRz

i

12207

UELTH F

—
— A e = L O e o
— . . opediony e I Rl i —
— T T | S mm—n—
— e ——

ODF=1.22 HY

Ful

64

(3)

FREQUENCY - H¥

6 JUKE 77

RUN 13

MHD

Accelerameter 1 PSD, 0-500 Hz, Run IWC 13.

Figure 35.

10t

2570705 91 - 054 Olitke




SR=3750

7

1.22 H:

DF
FU3

MHD

TAPE 418

& JUNE 77

(33

RUN 13

g

CREGUENCY -

1

0l

T AT T Y i

s
EOR

1ot

TELTH F

13

Accelerometer 3 PSD, 0-500 Hz, Run IWC 13.

Figure 36.

65



FUS

(51

MHD 6 JUNE 77 DOFz1.22 HZ  SRz3750  TAPL U418

RUN 13

IR =S

e, N
I

=
= .
)
e — lrln.l.l.]wﬁu
T
l..JJI.! - )
——
L||.|1I|||l||

LI A R S I A St I B R TILELIL I I R B I
N,mﬁ gDt el 01 o 01

US00S9 - 024 [aindg

10~

.2207

MELTAF = 1

10°
FREQUENCY - HZ

Figure 37. Accelerometer 5 PSD, 0-500 Hz, Run IWC 13.

66

10




TAPE U1o

=1.22 HY

DF
FUB

MHD

=370

6 JUNE 77

(32

RUN 13

DA A i O B

usd

L1elild

llll

T

O

]llF

-

-

1

Lfedd

1

HUENCT - HE

P

Accelerometer 6 PSD, 0-500 Hz, Run IWC 13.

DELTH F

Figure 38.

67



TAFE U418

DF=1.22 HZ

PU7

MHD

SR=3750

& JUNE 77

(3]

RUN 13

0

10 )

— T_- - — s ——

1 1 L

— . e —
——e— - o
e ——r— . 2
e rv—— Sp—
———T
—_— ~
ln'i.'\l‘n
T T—

illb..lﬂ:'.ull.llehlclmll\[l.lr o

= ——— e ||. —m

———— - -

. ..I,...lrlnf..l\l.h.u..
.r.ll.IIi..‘ -
P —
rd
II\I-lI'
—_— L
l!tltl]ll\\l.\.i.

-
. . —
TYOTTTTT T T T — -

hoc]

100 0 A N A I R

01

ZHAUOZ 01 - =sd Bind

- ..m._J:ﬂ.. R A B

01 b
e ﬁ:.ﬂ

- _.w_l_i__ I T

01

0f

1,2207

FREQUENCY - HZ

Accelerameter 7 PSD, 0-500 Hz, Run IWC 13.

4

LELTR F

Figure 39.

68




TAFE dig

SF=3750

1.

oF
FUR

JUNE 77
(3

£

RUN 13

MHD

N T e I
0 I 01
T: S _wxg

10"

e

L2207

i

DELTA F =

- HE

C

LIEM

-
N
]

I

FRE
Accelerameter 8 PSD, 0-500 Hz, Run IWC 13.

Figure 40.

69




NHD & JUNE 77 DF=1.22 HZ 3R=3750 TAPE U418

T RUN 13 (31 PU9
1
I
: |
{
! |
E_j |

I SE, 17HZ
1973

Lll!
-:i::_;____

41
.‘__p“‘-' ——

HUTE P30 - (6 S0 17

. | ¥ . !j {j l ’ 1)
Rl
- "”‘L;} g

FREGUENCY - HZ DELTA F = 1.2207
- Figure 41. Accelerometer 9 PSD, 0-500 Hz, Run IWC 13.

70




THFE W13

4750

SRz

T

T

T

i

1o
P R

LELTR F

1.22 HZ

0F
FU10

(31

& JUNE 77

-~

HHD
RUN 1:

[}

e T SO

—_— R e e IR —
- —_ b
- e S
- i e — e
e e e -
e T,
i e
e - T S e e LTI DL ST e e T e T
— o - e ey e e+ SITIETI T ISR e
- — — e ZTIT oo o e, -
T e ——
. — -
— T
e
g
T ———
R
s e T T T
e T T TR e v
T — e e
— e e e —
— e o T . s
Ipp— S
R O S——
—— e
=
e e
— =
T T
—_—T T
R —
——
s s,
e
o —
R —
e
——

_qul_l.,‘_l B T e T e U,

_ T ; ; T _ i - : oo I e e
) CT - R~ ~
_“ H "m A i _. nl_ M _ i R _l_ M

w..i. .U _u.l.

HF

Accelerometer 10 PSD, 0-500 Hz, Run IWC 13,

1

FREUENCY

T
71

T

Figure 42,

1




THFE Wi

3750

DF=1.22 HZ 3R
PUL1

(31

6 JUNE 77

HHD
RUN 13

10

e
—— = —
. =
—— —— T S TS .Inll.l..l.lll'
e e —_ = T T — T T T T
e . e ——— S
= = =
-
e ———
——— o -
e e -
) : _ ——
i
_ = —_— —
. R ene=—="N
- lI]ll']ll'.
nn']lll[lllu[“'nll}f.
—
II.IH..IKMIII o
- R ',!l'l'l. lﬂw‘l‘l“l&l‘ll
’ ==
—
=
o
1 e e T i e e
_ IR —————
e
||]|ll'1l
I
T, Ty m e e mpe— e e e ¢ i+

T [T T TTTTTTT T T e —
z- g-0¢ o at

= Ti g

o7

a9
» ol el

1

LR

T

LELTA F

10°

FREGUENCY - HZ
Accelercmeter 11 PSD, 0-500 Hz, Run IWC 13.

72

1 1T

Figure 43.

10




THAPE UlE

i=3730

SFi=3

7

10

1.2207

DELTR F =

-y
£
HZ

—1.22 H:

OF
Fulz2

6 JUNE 77
(33

q

[

 MHD
RUN 1

—
§
. " i o ——— -”n
—— e = e
e e e s e,
— -—
R ————
AT T -
P e
e
—_—n=
R ————
LTI T
- - T —
—— i . e e, - .
g e ]
e —CST e e —‘
e T
O !
———
——— .
e P s~ e
g
e e O e
[ U U——
T
S
— e ——
= ——————— -
e T ——
-
{ T T
i
= Rt
] —_—
Zo-
‘ R

e T T o S
4

|

3

. - n -
Nt - -CH “w-._._ { - i g - 1

FUSCTRS O3 - (1S4 0N

(>

1n

FRECUENCY -

Accelercmeter 12 PSD, 0-500 Hz, Run IWC 13.
73

Figure 44.

10




TAPE 548

1.22 HZ

pF=

MHD

SR=3750

6 AUG 77

FMS .47Eg

N1

1

AT ——.
e a—— e =
e . Y W e
- — e —— ——— i T IR I e .~ — YT
— — c— e T
— — =T

—— ————
’ I —]
————
Mjl-.'«llll.li'l:sllfl
- e
I"lllﬁ'!‘l
s s e — —
) [ —
Rl
-

G1 07

T
o o- i ﬂl.u_..

HAUTES 91 - 094 Qind

SLINLI I B e TR R T ...._!.. AT T T T T T 5.4“ T T T i.ilx:_l—: (1m0 s S e el H S e

[
3

nr

m-

1.2207

OELTR F

FREQUENCY - HZ

Accelerometer 1 PSD, 0-500 Hz, Run IWC 23.

74

Figure 45.

|




THPE SU3

.22 HZ SR

nrFzi

6 AUG 77

MHD

3750

[ E T

T
P [

AMS . 307

et et -

MIGM j-Dﬂ

SASTTUE 9 - oEd oLl

[ e -I.I.._i_.l_.l_.l._ll_ T '._,! T o ;_,I—-._..,_i_ N I Sy R

n°

MY

Accelerometer 3 PSD, 0-500 Hz, Run IWC 23,

—— e T R IIIT W e
+ m— - —— — ——— e =
el ——
g T . L
T B
t— —
e L A e e ¥+ e et e L e 0 ~ v
e — e
= .
e R, SIS M AR Ty 12mm 2 T L s e e ey e it e e e TR e
E——— e B
— — ey .

e
—_TT -

S ———— e

= s e,
e e —
e ——
o S SR =
smavdpN— -
T ——
T ———
s
e - e i & o
- e e i
eI T
—_—

1ot

_ 01

._h -

FEEL

75

Figure 46.



FMS 5015

1

L]

207

Low 0

THPE sS4

OF=1.22 HZ

6 AUG 77

MHD

SR=3750

01

FrT I TTTT T T T T }n_tmlql.l_li_ll [ [ |

L 01 BT

HATOS 91 - 0=d Dol

d.,_l.

i

Breae— <l _'..nl
T ——
U ——atie iy ——
!-I - rf .
e T T s —
T T T e
- -~ — T A - e T o o o
— - e T St e - v—
) e ——— e
= e
- i
— —_— e S
e
e
e
B e S S
e T
e
. e

—

-~ 4

IquI.lrllrJlﬂU.
"l[ll.l’-’ )
[ —
e e S = " —
—— T

__4 | D D B ;_ci<l...|||al.xljl_.t_l,—.l_!l..,ll_..t R

. G.H

10°

FREGLENCY - HZ

Accelerometer 4 PSD, 0~500 Hz, Run LWC 23.

l.llf

1o

DELTH F

Figure 47.

76




I
']

TAPE 54

) ’:xl:l

-
-
%

R

ey
)

7

1.22 HZ

DF

6 AUG 77

MHD

w3

Nl

w S

CELTR F

7

—

ML

Accelerometer 5 PSD, 0-500 Hz, Run LWC 23.

[

oL
77

F:

—

-
i

Figure 48.

h T e e,

T T TrTTTTYTT T




TAPE 543

3750

SR=

1.22 HZ

| OF=z

MHD

6 AUG 77

M.I

RMS . 2808

1n°

01

L 01 ol

ZHAL T )

- lsd Qi

wecH

MI

— — ——
e B rorangyr—
e ——C T R
e
- - i
e e e S —,
—— =3
: R per e
. ————— T T et o ~
- ————
—_—
- ———ee
_ T T
A s s p—-. ] T
——
_[..r..il[....ﬁfu
=T T
. o oy —— T ~
e et gt Sp— e -
=
e — i .
T

T ey e e e e e e .
Ty T 1 T _—4 1T T T 1 | ST T T T '_lﬂ rtTTrTorTTT T T

10°

01

10

1.2207

DELTA F

cNCY - HZ
Acceleraometer 6 PSD, 0-500 Hz, Run IWC 23.

FREQL:
78

-Figure 49.




TAFE SU8

L}

—
f

o

G

1.22

nF=

MHO

FM3

& RUG 77

I~

i1

wed

. .y
s
-

LELTH F

79

Accelercmeter 7 PSD, 0-500 Hz, Run IWC 23.

- m [ N R R TR v 1 TEUYTTUETrTTTY TyTTTI T T
1 .
.0l L L

T A P ¥ = TR NI

Figure 50.



TAPE SUB

1.22 HZ

6 ARUG 77 OF

MHD

l
H
|
10°

SR=3750

P -

3 -

= .

w
=
= T T —— i
——
II’I.‘”JI
e ——
byt — .
— ——— - —— e T R
o e Tt S 20
— | vt
e T . —— !l.‘i.
T e T T - ~
—— e —— — - o T e
Te——— . -
ez -
[
l| B T -
. |'I,|.J|.JI”}r||1”HUI
e e e - T i
.F.Illl.,.lal.l(!lll|
'fllllv:"nlr‘llfl‘.
[ —
N Ll

4|~||~l«~1‘l— A.dvlll..—vl~ .'Iu‘ - "N — = . - - - - - —— e v ey e st pomg— - ) - U
i __ IR B N A | T 1 Jj rT—i T — _J_ﬂq,ql.jlllqulvtal.tll

_.l._.w . _u_.m .
I- o m.:_..: u‘._._H: 5 .Dw

ZHAUTES 91 - (Sd DN

L2207

DELTRA F

NCY - HZ

-
-
—_

FREQU
80

Accelerometer 9 PSD, 0-500 Hz, Run IWC 23.

!

f

Figure 51.



TAFE SU8

SR=ETR0

uy

ol.28

JF=z1.

& AUG 77

MHD
10

o
L

RMS

"

I

10°

1.2447

F =
23.

LELTH

|
Accelerometer 10 PSD, 0-500 Hz, Run IWC

Figure 52.

81



THPE SUE

750

3R=3

1.22 HZ

oF=z

6 RUG 77

MHO
12

M..

RMS .51,

01

1n 5

L L 2 i B Sl

T t‘_.x. rryrro g T

ol

HAL

L

= U] - sd DL

. i

= 0
3

T w4114;4i;1;.ﬂ‘4:4.::|1z;ﬂ_<1q|11ﬂ|4;.!ﬁ,.|91;l::4|+!
ot

i
L
ol

1.2297

EHCY - HZ2
Accelerometer 12 PSD, 0-500 Hz, Run LKC 23.

FREQU

DELTH F

'~ Figure 53.

82

/




=
1

TAFE SUz

=3750

3R

.22 HE

1

OF=

MHD

— 1

6 AUG 77

1a

TN

|y

RS

b

SRS 0 - ed D

T 1 T T .__ TR, T _ e R e il R R et

- ]

ni

m

G L'.L'.L.’ )

1 ey

CELTA F =

Accelerometer3x PSD, 0-500 Hz, Run IWC 23.
8

Figure (54.




TAFE S4B

1.22 HZ  SR=3750

OF=

& AUG 77

MRO

RMS H25E

107

-
i
i
-
- — e o
e ————— —
il O mmn———— -
e e T —
- D e mee -
o — — -
T, e
e e o 1 e e s e S -
e e e T T T e
—— re—— —_ |
e ———
e WSSOI 1 WESTLY Sost e T v =
T T T T T N e e
————— S i
— — i T e e e _
e ——
Illll‘l'lll —]
—_— ————
e e
" e
R e . ;
T—————
_
- T T o H
——

Gi

o
D=

TS Y - osd 10

R

I:

[un
e |

LI I A R R A I_ T T TrT T T T _.,..!_ J 2 R B R S i
) 1

ot

1[11

122007

-
z

NCY - H
Accelerometer y PSD, 0-500 Hz, Run IWC 23.

[

FREQL;

DELTA F =

Figure 55.

84



o
(=

FiMS

[}
1

a4

—t

THFE 5

sl

SE—1
) ]

7

1.2¢ HZ

\Fz

n
(R

& ALG 77

MHD

10°

o
Le M

DELTH F

13

——

e

M

—
—
—

RSy |
Accelerometer z PSD, 0-500 Hz, Run IWC 23.

Figure 56.

85

I P

S S R L S Im HE T T e i YT TTTT T T T YT T ;J_v.._!,— T O TT T ..|..A..|..|I'-_..i —
0i i3 0T 2.0 0

4

A/ HE 91 - rEd Dl



RUN 13

B AUG 77

NHD

RMS

SR=3750

DFz1.22 HZ

(143)/2

.3853

[ o v e s e e T T e e e Lt e e e e e

—_— — i 5
= :
-
=
P b
. e C SR
e . T 2T .
——— T e i et e e e 1ot e e BT
——— TR W T I e i
by Ve RIS TN v
P e e e I'q - oo s v et AL T Mt N
. - IR e
— SIRIETTR s xBRAy ne e TR T weman
——--  memcooTrageeeo—— S dmme o
e TR ——
e TR TS
—e—— .
e
e
Pt s > el
. e et —
e e e . e et
er— - o W
T e e
— o e -+ o e e T TR e ey
- — e T
— TR MR T e I L IS e T T
——————— ——. — -
——— T g
. s e
P U S,
T S e e e -
s e e — e T
T — ————
kll'.lvb”u.l
S e
ﬁl’l‘] et
e v e = e e e .
L T .ﬁ.uhnvq
N ll]l'(l\
. P —— e
—— ;
- S
P e - -
———
=

01

LA R A En B Y il bt S TTTTmOYYTITIYT LI B el iy I ' g sl SO S

2.0 .01 -1

CEHADTDS 9) - 0sd plLnd

50T

ml

01

10t

1.2207

FREQUENCY - HZ

PSD for Accelerometers (1 + 3)

. Figure 57.

DELTA F
/2, 0-500 Hz,

86



&

3750 (RN 13 .

SR=

1.22 HE

6 AUG 77 . OF:

MHD

1-3

RMS .3893

WTLT mars—. - TSR L RS - ~- . e v ma—— T
- - T iy Iy
AT LS A TIEYL L aa e v P
- e el e
= LTI e re—
— DT e e p—
v o ;S e e T T s
S T S T ———
— —————

01

e B B B i e e e S T T Y

e
nIIHlIlI.IL,III
. R ———
e,
l|l|Jl‘|l|IlI||"'lz|[l|.||.ll| .
o r—— ———— = Ty
|

R e ———E e

U
) - T
—

_l;ljll

1

FREQUENCY - H

Figure 58. P8D for Accelerameters 1-3, 0~500 Hz, Run IWC 13.
) 87

o

o 01 ot

CEHAUTES U4) - O8d WLnd

-

T

1.220%

-

DELTA F

Z




RUN 13

3750

'~SR

DF=1.22 HZ

8 AUG 77 .|

NHD
(3+7)/2

RMS .3668

01

oy

10

Py s o
=== <

it TNy iy - Al Y

— _ ’lllllld.la\cllvln
A———d
MLy — =
R Tt beeetoregny . -
T E==

.ﬂﬂll.lllr[f.f.

—

YT T T T 17— - -_l:z_l. U | 'l_..lll_u_d TTI7TT 1} xl..l_ql.!!»l—jj_cl.—l | A Irlilj_i_- rTrr or

! y i
e .01 5 01 g T

- ZHALTOS 9) - 08d DILNH

A
a-"!

1.2207

FREQUENCY - HZ

PSD for Accelerameters (5 + 7
88 .

Run IWC 13.

NELTA F

)/2, 0-500 Hz,

- Figure 59,



- IG Sh }AHZ

RUTA PSEN

NHO  6°AUG 77 ~ DF=1.22 HZ . SR=3750 FUN 13
o 3-7 ' | | o AMS .473
fr U473y
4 : K
J | | Sy
'- ! ' e
i

jo

-y

1

-5

ig

, B
iQ

S ISR WY SO W W T U 0 N AU SRS AU SO NOX U O AT R B N R AN I Y
e,

i
%
|

§
|
|
g
|
i

—
]
b

- Figure 60.

FREQUENCT - HZ

89

| 10
DELTA F = 1.2207

PSD for Accelerometers 5-7, 0~-500 Hz,
Run IRC 13.




RMS .2789

RN 13

SR=3750

1.22 HZ

6 AUG 77 'TF

. NHD-
(6+8)/2

——— St e e TR STt o e S -
- - e e by - .H
S = -z

f
|
16°

FREQUENCY - HZ

M
lllll’

————
S
SR
e
o = ar—
——==
i
e —— e e e
T —
—————TT [~
T — -

|

10t

T Ty T ..._l-,_v._l_lu_:ij ;!ll-—.;tll..l«l_,dlql_lr.—‘...._.:s L l—‘_--pﬂ._.««qcl_ll._ltl_}!!..nl—uq—.n.ﬂ...—l_ T T —
2.0 o D1 i 0 o.0!

CZHSTTOS 9) - 0S4 RLNIY

1.2207

DELTR F

PSD for Accelercmeters (6 + 8)/2, 0-500 Hz,

Rm LiC 13.

‘90

Figure 61.



. 5334

RMS

FUN 13

-SR=3750

‘OF:1.22 HE

8 Auc 77

MHD
5-8

T . a8 | s = L O e
e — S
TSI T

o —— —
LTI
e e e e —— .
e e e e L S
Mm% S

PT—
T+t e e
i b, DU
e ——— e
S
e et e . e
- e
[ T e T
.'n.‘lill{ll N
—_—
e ———
— I'I'iLII\lI
e e -—
: ——
P
—
.)J')Il
— -
= ——

LI T e A B et .|— LI I I T A i I S ‘.||A_ LN I D Dt B s It it j_ L T e ey R S

o R . Nt :
[ o - . Ol

AHATTDS 9Y - 054 BLH

1.2207

QELTA F

PSD for -Accelerameters 6-8, 0-500 Hz,

Rm IWNC 13.

—

FREQUENCY - HZ

10°

91

IITI]

T

Figure 62.

.101



RN 13

NHD, ;: 6 AUG T7

(8+11)/2

- SR=3750

W SE Y

RS

.4399

0l

o e e & e« . = -

10~

10!

T
e S —— ot e
. .
— nu.a“]llﬂbl.ﬂ

— — — e

B T T T ~Si o —

)RR

S —~

———
|iln|hrnln||jﬁMall
N ~guady
i T ——
o _ eyt e
——h
- e
= =TT
.“”ﬂln
=
o ——— e e + v -
.luf....:
. ..1\1|¢lll|l)
———— T T
‘]L'Ll“’”hﬂll
r.IrfJII
-
TTTT 1T :l..___.“~a_|l_.in_1!ll_!i|;.i___._ LR | I __'_ T T ) 1_|_.—4-,_ L

2t | L .y mo:_

ZHAUTDS 91 - US4 @ind

r—

o0

1.2297

FREQUENCY - HZ

PSD. for Accelerometers (9 + 11)/2, 0-500 Hz,

Run IWC 13.

" Figure 63.

DELTR F

92




FN 13

3R=3750

B

6 RUG 77 * DF2).22 HE

- NHD

8-11

T r1r 11T T T

STrTTT

3

10

T T

[ B |-,..J|.I.ﬁ,_.w._l~.. LN N RS R S .Il...._.._.!_l_.l.—, Ty T T

01

AHACTES 91 - isd RI-

10!

2207

- 1.

DELTA F

-
-
[

 FREQUENCY - H
PSD for Accelerameters 9-11, 0-500 Hz,

Run IikC 13.

Figure 64.

93



RUN 13

- DF=1.22 HZ

NHD

SR=3750

8 AUG 77

(10+12) 72

RMS .2777

fr— s s e — -

0l

TITT T 0

!

Nl

By

.. a—————
——ll
llnIJ!.H
- .xl.‘l.'v‘
o — ——

s s St ——
—r

—_

e e

,—‘.—.._:—J Ty 1_|_ TTITT gy oy

o i

.4_.1__:_

i)

A TES 91 - 0 pg i

T l_ L2 A I it B

. O

e —

o1

i}
P
1

16°

16°

FREQUENCY - HZ

PSD for Accelerometers (10 + 12)/2, 0-500 Hz,

10

1.2207

LELTR F

' Figune 65.

R LWC 13.

94




L7813

RMS

RUN 13

1.22 42

DF=

NHD

6 UG 77 -

3R=3T5D

10-12

T TT7 11T

Jee—=rC3 A e— I e
— —— W T T — lll”ﬁ.‘llllﬁ.ll.b ) -
. DT T e I ese——
- — = Rt T=moocmrme om0 o=e TR SR W T
P e - L ETT - L e
el ..I.H DI A e ——
o i . .
- - !':l.'.l‘l'ﬂ..ﬂ..l - - ———
o s i i T AT Sam———
[ ——
—_— —
T— DT -
————— T .
—— . et —
e e e,
- e et < e — e ——
P S et ¢ e e - e + e - — s~ .
e Rt s e o et e _
[
N e
IS T T )
R el =
T " —— -
— ————
e e - e ¢ — e, o <"
— s e - e i L
ST S [l“l‘"l
J—
- I']ll\.
— _ e e —— o ——
. ) )
e e T
e
T ————
- -
l.!.ll-)] .
LH.h..Iﬁlnl.ll
———— .
T e
T ~ ———— Sy e e g o — . -
_ T ! 1 [ T I A Rt Y o I .ﬂ__ﬂﬁn._..._,.l_..

ﬂ.,m:

1.

FREQUENLCT - HZ

PSD for Accelerometers 10-12, 0-500 Hz,

Run INC 13.95

DELTA F

Figure 66.




a. Pinned-pinned beam

> o &

7

b. Modeshape for n-tlh— mode

y(x,t)
A

= o (AT o4
yn(x,t) =¥, sin (L) sin wnt

Figure 67. Beam Approximation .to MHD Channel Modes.

96



*ZH 0Z-0 ‘unxjoads Jesur] wmﬂHO\w Uﬁ&g IOJRISUDD) QHW °89 w.HD.m.Hr.H
2/ RONENORIA

T°0
1 T E
1 -3
,w 2
| L)
m.
0T
{ ,
]
i
hy
* 00T




Pho_t:._o_graEh

APPENDIX C

Title
MHD Channel Mounted for Testing
MHD Channel With Magnets in Place

Data Recording System

98

100

101



B 7

g
5
g
~
Q
:
@]
=
[=]

Photo. 1.

for Testing.




IMID Channel Wi

N

Photo.

Magnets in Place.

>




S

o e Y

Data Recording

System.

(8]




